Objective: To assess the association between atrial fibrillation (AF) and erectile dysfunction (ED) by a systematic review of the literature and meta-analysis, as ED is commonly found amongst male patients with concurrent cardiovascular conditions, especially atherosclerosis, coronary syndrome, and diabetes; and recent studies suggest that AF is associated with ED in the general male population. Methods: Studies from inception to May 2018 in the Medical Literature Analysis and Retrieval System Online (MEDLINE) and Excerpta Medica dataBASE (EMBASE) were searched. Prospective or retrospective cohort studies that compared new-onset ED between male patients with and without AF were included. Data from each study were combined using the random-effects, generic inverse variance method of DerSimonian and Laird to calculate risk ratios (RRs) and 95% confidence intervals (CIs). Results: Five studies from 2007 to 2016 were included in the meta-analysis involving 29829 male patients (4096 with AF and 25733 without). The presence of AF was associated with ED (pooled RR 1.61, 95% CI 1.23-2.10; P < 0.001, I 2 = 42%). Conclusions: Baseline AF increased the risk of ED up to 1.6-fold amongst the general male population. This suggests that AF in male patients is significantly associated with ED.
Introduction
Erectile dysfunction (ED) is defined as the consistent or recurrent inability to acquire or sustain an erection of sufficient rigidity and duration for sexual intercourse. The prevalence of ED ranges between 10% and 22% in the male population aged >20 years and is more common amongst those aged >70 years at 37% [1, 2] . ED is often found in patients with cardiovascular (CV) disease or CV risk factors, such as diabetes mellitus, chronic obstructive pulmonary disease, and obstructive sleep apnoea [3, 4] . In addition, several studies have shown that ED is a predictor of poor CV outcomes [5] [6] [7] . ED may be considered a surrogate marker of an occult CV condition.
Atrial fibrillation (AF) is the most common type of arrhythmia [8] . Studies have reported that AF may significantly affect sleep patterns and quality of life [9, 10] . Recently, studies also have suggested that AF may be a risk factor for the development of ED [11] [12] [13] . Patients with AF have similar elevations in inflammatory markers including C-reactive protein, various types of interleukins, and endothelial/prothrombotic factors [14, 15] . However, the association between AF and ED has not been clearly established. Thus, our aim in the present study was to evaluate the association between the presence of AF and incidence of ED.
Methods

Search strategy
Two investigators (C.K. and J.K.) independently searched indexed studies in the Medical Literature Analysis and Retrieval System Online (MEDLINE) and Excerpta Medica dataBASE (EMBASE) databases from inception to May 2018. The search strategy (Supplementary File 1) is shown in Figure 1 and included the terms: 'atrial fibrillation', 'psychological sexual dysfunction', 'impotence', 'sexual disorder', and 'erectile dysfunction'. Only English language publications were included. The manual acquisition of other pertinent studies and review articles using references of the retrieved articles was also performed.
Study eligibility criteria
The eligibility criteria of studies to be included were as follows:
(1) Reported incidence of ED in patients with and without AF. (2) Reported relative risks (RRs), hazard ratios (HRs), odds ratios (ORs), incidence ratios (IRs), or standardised incidence ratios (SIRs) with 95% CIs (or sufficient raw data for the calculation). (3) Reported use of subjects without AF as controls.
We excluded articles that did not report RRs, HRs, ORs, IRs, or SIRs with 95% CIs and insufficient raw data for the calculation. In addition, studies with participants that either all had AF or all were without AF were excluded as there was no comparison population.
Study eligibility was independently determined by two investigators (C.K. and J.K.) and differences in eligibility were resolved by consensus. The NewcastleOttawa Quality Assessment Scale was used to evaluate each study in three domains: recruitment and selection of the participants, similarity and comparability between the groups, and ascertainment of the outcome of interest amongst cohort studies [16] .
Definition
ED was defined differently according to each study (Table 1 [11, 13, [17] [18] [19] ).
The HR was defined as an estimate of the ratio of the hazard rate in the exposed vs the control group.
Data extraction
A standardised data collection form was used to obtain the following information from each study: title, name of first author, year of study, year of publication, country of origin, number of participants, demographic data of participants, method used to identify cases and controls, method used to diagnose the outcome of interest (ED), average duration of follow-up, adjusted and unadjusted RRs and their corresponding 95% CIs, and list of confounders that were adjusted for in multivariate analysis. To ensure accuracy, all investigators independently performed this data abstraction process. Discrepancies were resolved by referring back to the original articles and reaching a consensus.
Potentially relevant articles identified from search of MEDLINE (n = 12) and EMBASE database (n = 7) and screened for retrieval
Title and abstract review of potentially relevant articles (n = 15) 1 excluded because it was systematic review 2 excluded because it was a review article 1 excluded because it was a letter to editor 4 exclusions of duplications 11 articles underwent full-length article review
Articles were excluded at this stage as they were: -4 studies without ED as an outcome -2 studies with all participants with AF 5 articles underwent meta-analysis Figure 1 . Search methodology and selection process. Self-assessed IIEF score
≤21
Self-assessed IIEF score
ED prevalence, 
Statistical analysis
Meta-analysis of the combined data was performed using the random-effects, generic inverse variance method of DerSimonian and Laird [20] . The heterogeneity of the effect size estimates across these studies was quantified using the I 2 statistic and Q statistic. For the Q statistic, substantial heterogeneity was defined as P < 0.10. The I 2 statistic ranged from 0% to 100% (I 2 < 25%, low heterogeneity; I 2 25-50%, moderate heterogeneity; and I 2 > 50%, substantial heterogeneity) [21] . A sequential exclusion strategy, as described by Patsopoulos et al. [22] , was used to examine whether overall estimates were influenced by the substantial heterogeneity observed. We sequentially and cumulatively excluded studies that accounted for the largest share of heterogeneity until I 2 was <50%. We then examined whether RR estimates were consistent. In accordance with Cochrane, publication bias was assessed using a funnel plot. Funnel plot asymmetry was further confirmed with Egger's test if there were >10 available studies [23] . All analyses were performed using STATA, version 14.1 (StataCorp., College Station, TX, USA).
Results
Description of included studies
The search strategy yielded 19 potentially relevant articles (seven articles from EMBASE and 12 articles from MEDLINE). After exclusion of four duplicate results, 15 articles underwent title and abstract review. At this stage, four studies were excluded because they were either a review article (two), letter to the editor (one) or systematic review (one), leaving 11 articles for detailed review. At final review, four studies were excluded for lack of ED as an outcome. Another two studies were excluded because all participants had AF and there was no control population without AF. Ultimately, five retrospective cohort studies were selected for the metaanalysis [11, 13, [17] [18] [19] . The pooled sample size of patients with AF was 4096 and 25733 without. The clinical characteristics are described in Table 1 .
Quality assessment of included studies
The Newcastle-Ottawa scale (0-9) was used to evaluate included studies on three domains: selection, comparability, and outcomes. Higher scores represent a higher-quality study. All studies received a score of 7 or 8, indicating high quality. Detailed evaluation of each study is presented in the Supplementary Table 1 .
Meta-analysis result
Five retrospective studies with a total of 29829 participants were included in the meta-analysis. The prevalence of AF ranged from 0.3% to 38%. There was an association between AF and ED (OR 1.61, 95% CI 1.23-2.10; P < 0.001) with moderate heterogeneity (I 2 = 42%) (Figure 2(a) ). As the study by Lin et al. [11] contributed the largest number of participants, possibly dominating the analysis, it was excluded and repeat analysis was performed, which again revealed a statistical correlation between AF and ED (OR 1.61, 95% CI 1.11-2.34; P = 0.011) with moderate heterogeneity (I 2 = 54.6%) (Figure 2(b) ).
Given that the meta-analysis utilised ORs from studies with and without multivariable adjustment, we performed subgroup analyses between adjusted and unadjusted groups. This showed that AF was significantly associated with ED (OR 1.86, 95% CI 1.50-2.31; P < 0.001; I 2 = 42%) in adjusted groups. Conversely, there was no association between AF and ED in unadjusted groups (OR 1.12, 95% CI 0.75-1.68; P = 0.584; I 2 = 42%) (Figure 2(c) ). Furthermore, race was accounted for and participants were categorised as Asian or nonAsian. The definition of ED was categorised using the International Index of Erectile Function (IIEF) score or International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) code. We found that AF, regardless of race, was significantly associated with ED. For Asians, the OR was 1.41 (95% CI 1.01-1.98; P = 0.044; I 2 = 0%), whilst for non-Asians, the OR was 1.76 (95% CI 1.18-2.63; P = 0.006; I 2 = 57.6%) (Figure 2(c) ).
Regardless of definition, both groups demonstrated a similar result: an OR of 1.76 by IIEF (95% CI 1.18-2.63; I 2 = 0%; P = 0.006) and 1.41 by ICD-9-CM (95% CI 1.01-1.96; I 2 = 0%, P = 0.044) (Supplementary Figure 1) .
A meta-regression was performed to evaluate for a possible significant effect of ED definition, unadjusted studies, and race on the overall pooled analysis. There were non-significant changes in the risk of ED given either the IIEF or ICD-9-CM code definition (P = 0.117) and unadjusted studies (P = 0.548). Similarly, Asian or non-Asian race did not significantly affect the overall result (P = 0.473).
Finally, the study by Cordero et al. [18] was excluded because of a relatively higher number of participants with coronary artery disease, diabetes, smokers, and β-blocker use [11, 13, 17, 19] and the analysis was repeated (Figure 2  (d) ). AF remained associated with higher risk of ED (OR 1.52, 95% CI 1.15, 1.99; P < 0.001; I 2 = 40.7%). Funnel plot analysis did not suggest publication bias (Figure 3 ). Egger's test was not performed due to the low number of the studies.
Discussion
The present meta-analysis showed an association between the presence of AF and an increased risk of ED of~60%. The prevalence of AF in our present study ranged from 0.3% to 38%. The definition of ED used in the selected studies was either the IIEF questionnaire [24] definition or ICD-9-CM code definition. Unfortunately, only retrospective studies were included as no prospective studies were found using our search protocol. Taking moderate heterogeneity into consideration, we conducted subgroup analyses to identify confounding variables. Two of the selected studies did not provide ORs, therefore we had to perform the calculations using the data available to include in the overall meta-analysis [17, 19] . We conducted subgroup analyses based on whether each study was adjusted. We found that there was discordance between the multivariable adjusted group and unadjusted group. We believe that there were too few participants with AF in the unadjusted group [17, 19] compared to studies with adjusted ORs [11, 13, 18] , as well as no adjustment itself, leading to insufficient power to detect a difference. Further evaluation also showed that the subgroup analysis by definition of ED, either using the IIEF or ICD-9-CM code definition, was still associated with an increased risk of ED as well as race, regardless of determination. In addition, metaregression showed no significant effect from unadjusted groups, ED definition, and race. Interestingly, in the study by Cordero et al. [18] , risk of ED was higher, up to 2.6-fold, when compared to other studies [11, 13, 17, 19] . In our view, the higher prevalence of coronary artery disease (50-72%), diabetes (28%), tobacco smoking (25%) and β-blocker administration in this study population might explain such findings. Despite the exclusion of Cordero Figure 2 . (a) Forest plot of studies comparing the occurrence of ED in patients with and without AF. Horizontal lines represent the 95% CIs with marker size reflecting the statistical weight of the study using the random-effects model. The diamond data marker represents the overall adjusted OR and 95% CI for the outcome of interest. (b) Forest plot of subgroup studies categorised by race and whether multivariable adjustment was applied, comparing the occurrence of ED in patients with and without AF. Horizontal lines represent the 95% CIs with marker size reflecting the statistical weight of the study using the random-effects model. The diamond data marker represents the overall adjusted OR and 95% CI for the outcome of interest. (c) Forest plot of subgroup analysis following exclusion of Cordero et al. [18] comparing the occurrence of ED in patients with and without AF. Horizontal lines represent the 95% CIs with marker size reflecting the statistical weight of the study using the random-effects model. The diamond data marker represents the overall adjusted OR and 95% CI for the outcome of interest. et al. [18] , the analysis nevertheless demonstrated a considerable increase in the risk of ED. The exclusion of Cordero et al. [18] may attenuate the overall impact of β-blocker use on the occurrence of ED in our present meta-analysis. In addition, given that our overall results may have been dominated by Lin et al. [11] , the analysis with exclusion of this study still showed a statistical correlation, suggesting that our present analysis is robust.
Given the demographic differences between studies, particularly other medical conditions associated with ED and β-blocker use, there was noticeable heterogeneity in the present meta-analysis. These comorbidities included hypertension, hyperlipidaemia, CV, obesity, sedentary lifestyle, obstructive sleep apnoea, and tobacco smoking [25] [26] [27] [28] [29] . ED risk factors such as hypertension, dyslipidaemia, CV disease, obesity, sleep apnoea, and smoking are also AF risk factors [30] . This implies that AF and ED both share these risk factors and may explain the higher risk of ED in patients with AF.
The relationship between CV disease and ED has been increasingly investigated. One study [31] reported left ventricular diastolic dysfunction (LVDD) was prevalent amongst patients with ED. In addition, echocardiogram parameters including: transmitral E/A ratio, deceleration time, isovolumic relaxation time, and E/ mitral E velocity/tissue Doppler imaging E velocity, were positively correlated with the severity of ED. It is theorised that generalised nitric oxide (NO) dysfunction may result in both LVDD and ED directly. In another study [32] , the presence of CV disease increased the risk of ED by~45% (OR 1.45, 95% CI 1.16-1.81; P < 0.01). Together with results from our present study, not only is structural heart disease, such as coronary artery disease and left ventricular dysfunction associated with ED but also, arrhythmia itself is potentially involved in ED pathophysiology [33] .
The exact mechanism for the association between AF and ED has been yet to be elucidated. Several explanations have been theorised but supporting evidence remains scarce. As commonly accepted, ED is a disease of endothelial dysregulation in the penile vasculature, characterised by the interplay between inflammation, endothelial dysfunction, and hormonal disturbance [34] . In AF pathophysiology, impaired arterial distention, rising shear forces of vessels, and irregular atrial contraction may dysregulate NO production leading to ED [35] . Inflammation is related to various pathological states including oxidative stress, fibrosis, and thrombogenic processes, leading to further endothelial dysfunction and atherosclerosis. Harada et al. [36] postulated that AF is caused by inflammatory processes leading to vascular dysfunction and ultimately resulting in ED. AF could also be considered as 'epiphenomena', as many AF risk factors including hypertension [37] ; coronary artery disease [38] ; obesity [39, 40] ; and diabetes [41] ; or the AF treatment itself, especially β-blockade [42] ; may contribute to the development of ED.
Limitations
Studies with different methodologies and demographic data were included thus forming potential sources of heterogeneity. As all studies were retrospective, the influence of residual confounders could not be completely excluded. Only five studies were included in our present meta-analysis. Thus, the funnel plot analysis may not reflect true symmetry because of insufficient power. We did not investigate whether the type of AF might impact outcomes of interest due to insufficient data. Likewise, information regarding the duration of AF in patients was not available. Thus, we could not asses the relationship between chronicity of AF and ED. The use of medication associated with ED may confound findings, especially, β-blockers and spironolactone. This question would benefit from more in-depth investigation. We excluded Cordero et al. [18] in an attempt to attenuate this effect and found that AF was still significantly associated with the risk of ED. In addition, the ICD-9-CM code definition was used in some studies to define ED, which may result in either over or underestimation of its prevalence. Not all selected studies considered ED as a primary outcome. Accordingly, our present meta-analysis was affected by study designs susceptible to type I error, outcome reporting bias, and observational bias. Finally, both adjusted and unadjusted ORs were included in our present study, which might affect the accuracy of the results. Subgroup analysis showed a discordance in our results, which could be explained by insufficient power in the unadjusted group.
Conclusion
In summary, our present study suggests that AF may be associated with ED, warranting further study to establish the causation of AF and ED. Also, the effect of AF treatment (rate control or rhythm control) on the improvement of ED is an area of open research.
